Arterial calcification reflects an atherosclerotic process associated with vascular stiffness. Whether baseline coronary artery calcium (CAC) and extra-coronary calcium (ECC), measured using noncontrast computed tomography imaging, are associated with incident hypertension is poorly understood. We studied participants from the Multi-Ethnic Study of Atherosclerosis without measured or self-reported hypertension at baseline. Incident hypertension was defined by blood pressure criteria (BP, ≥140/90 mmHg), BP medication use, or both, and was assessed at in-person visits. We analyzed incident hypertension using multivariable-adjusted discrete-time proportional hazards models. Net reclassification improvement (NRI) assessed whether CAC reclassified hypertension risk when added to the Framingham hypertension risk score. Among 3,304 subjects analyzed, mean age was 59 ± 10 years; 48% were male and 42% were white. There were 1,283 incident hypertension cases over a median (interquartile range) follow-up time of 10.6 (4.5, 11.5) years. Each 1-unit increase in ln(CAC+1) was independently associated with a 12% higher risk of hypertension (95% confidence interval [CI] 9% to 16%). Relative to CAC = 0, patients with CAC >400 had a hazard ratio for incident hypertension of 2.2 (95% CI 1.8 to 2.9). There was no interaction by age, gender, or baseline BP (p = 0.43, 0.19, 0.09, respectively) . Continuous NRI analyses demonstrated that CAC can reclassify risk of incident hypertension; NRI = 0.19 (95% CI 0.10 to 0.26). Furthermore, all measurements of ECC were significantly associated with incident hypertension, even after adjustment for CAC (hazard ratios ranging from 1.36 to 1.38). In conclusion, patients with CAC and ECC are at markedly higher risk of incident hypertension and may benefit from more intensified prevention efforts.
Few studies have evaluated whether coronary artery calcium (CAC) can predict incident hypertension. In a previous study from the Multi-Ethnic Study of Atherosclerosis (MESA) (with follow-up through visit 4 in 2005 to 2007), 1 CAC was found to have a significant association with incident hypertension in demographic-adjusted models only with no association found after adjustment for potential confounders. In another clinic-based study, CAC presence and severity at baseline were associated with incident hypertension in multivariable models that were adjusted for traditional risk factors. 2 Neither study performed subgroup analyses, presented data on the association of temporal CAC changes with subsequent hypertension risk, evaluated the association between aortic and extracoronary calcium (ECC) and hypertension, nor assessed the potential clinical utility of CAC for reclassification of hypertension risk estimates. Therefore, we sought to study the association between baseline CAC, CAC incidence and progression, and ECC with subsequent diagnosis of incident hypertension in MESA, using updated follow-up data through visit 5 (2010 to 2012) and performing comprehensive subgroup analyses by age, gender, race, and baseline blood pressure (BP) status.
Methods
MESA is a multiethnic, multicenter, prospective observational cohort study of 6,814 men and women aged 45 to 84 years without cardiovascular disease at baseline (participation rate was 60% among those eligible) who were recruited between July 2000 and August 2002 from 6 US communities (Baltimore, Maryland; Chicago, Illinois; Forsyth County, North Carolina; Los Angeles County, California; northern Manhattan, New York; and St. Paul, Minnesota). The cohort includes 42% whites (n = 1,404), 20% African-American (n = 662), 24% Hispanic (n = 792), and 14% Chinese (n = 446). Four follow-up visits were conducted in 2002 to 2004, 2004 to 2006, 2005 to 2007 , and 2010 to 2012. There were 4,716 participants who attended the fifth MESA visit (31% withdrawal rate due to death or loss to follow-up by the final visit). All participants provided written informed consent, and the study was approved by the institutional review boards at all field centers. 3 We excluded participants with prevalent or missing hypertension status according to BP values (n = 3,304), and those with self-reported hypertension (n = 206). Prevalent hypertension at baseline was defined as measured systolic BP ≥140 mmHg, diastolic BP ≥90 mmHg, or use of antihypertension medications.
Baseline CAC was assessed by noncontrast cardiac computed tomography (CT) using either cardiac-gated electronbeam CT or multidetector CT systems, depending on study site. Both scanner types yield near-identical results. 4 A second CAC measurement was performed on 1/2 of the MESA cohort at visit 2, and the other half at visit 3, an average of 1.6 and 3.2 years after baseline (from 2002 to 2005). CAC incidence was defined as any detectable CAC among subjects without CAC at baseline (CAC = 0). CAC progression was defined as absolute increase in CAC score among participants with detectable baseline CAC (CAC >0). 5 Aortic valve calcium was measured within the aortic valve cusps. Aortic root calcium was defined as calcified lesions in the aortic root at the level of the aortic ring. Thoracic aortic calcium was defined as calcification in the aortic wall above both the aortic root and the pulmonary trunk bifurcation, extending anywhere all the way up along the aortic arch and down the descending thoracic aorta to the level of the diaphragm. 6, 7 At each follow-up visit in the MESA study, systolic and diastolic BP measurements were recorded 3 times using a Dinamap Pro-100 automated oscillometric sphygmomanometer, 8 and the mean of the last 2 measurements was used. Incident hypertension at each visit was defined based on BP criteria alone (systolic BP ≥140 mmHg or diastolic BP ≥90 mmHg), new use of antihypertensive medication alone, or both.
Information on demographic characteristics and cardiovascular risk factors was collected using standardized and validated questionnaires. 3 Participants were asked to bring to the clinic containers for all medications used during the 2 weeks before the visit. Cigarette smoking and alcohol use were characterized as never, former, or current. Body mass index was calculated as weight in kilograms divided by height in meters squared. Diabetes mellitus was defined as a fasting blood glucose concentration of ≥126 mg/dl, self-reported diabetes, or the use of insulin or oral hypoglycemic medications. Fasting total cholesterol, high-density lipoprotein cholesterol, and triglyceride were measured at a central laboratory (University of Minnesota). Low-density lipoprotein cholesterol was calculated using the Friedewald equation. Family history of coronary heart disease was defined as history of a fatal or nonfatal myocardial infarction, coronary angioplasty, or coronary-artery bypass surgery in any first-degree relative regardless of age. Parental history of hypertension was defined as history of hypertension in a participant's biologic mother or father. Estimated glomerular filtration rate was calculated using the Modification of Diet in Renal Disease (MDRD) equations. Physical activity was self-reported and healthy diet was evaluated using the Mediterranean-style diet score, which assesses participants' consumption of hearthealthy or less healthy foods relative to the MESA population median. 9 Baseline characteristics were stratified by incident hypertension status. Categorical variables were reported as percentages and compared using chi-square test, whereas continuous variables were reported using mean (standard deviation) or median (interquartile range) depending on normality of the data and compared using Student's t test or Wilcoxon rank test, respectively. Unadjusted incidence rates of hypertension were calculated for the 4 baseline CAC categories (0, 1 to 100, 101 to 400, and >400) 10-13 as number of events per 1,000 person-years. To describe the relation between baseline CAC as the exposure and hypertension as the outcome, we constructed Kaplan-Meier curves by CAC score category. We used complementary log-log models to derive hazard ratios (HRs) of incident hypertension according to CAC as both a continuous exposure variable (log normal [ln] CAC+1) and a categorical exposure variable. We tested for interaction of baseline CAC and age (≥60 years vs <60 years), gender, race/ethnicity, and baseline BP groups (normotension <120/80 mmHg vs prehypertension 120 to 139/ 80 to 90 mmHg) in the multivariable adjusted model (model 2), and stratified results where appropriate.
In analyses using CAC incidence as the exposure, we excluded incident hypertension cases that preceded the followup visit at which CAC >0 was detected. HRs of subsequent diagnosis of incident hypertension were calculated for those with incident CAC compared with those without. For CAC progression, we performed similar analyses using the absolute annualized difference in CAC score between baseline and follow-up as the exposure. In these analyses models were further adjusted for number of years between CAC scans. We additionally adjusted for baseline ln(CAC+1) among those with CAC >0 in analyses of CAC progression and also adjusted for baseline and mean change systolic and diastolic BP from visit 1 to visit 5.
Aortic valve calcium, aortic root calcium, and thoracic aortic calcium were categorized by presence (yes vs no) and by severity. In this latter analysis, we grouped ECC into 3 categories at each site: the first included those with Agatston score of 0, whereas the second and third were defined as less than or greater than the median score at each site among those with Agatston score >0. Model 3 in this analysis adjusted for Model 2 covariates plus baseline ln(CAC+1). Model 4 was adjusted for Model 3 covariates and all ECC measurements simultaneously. We also modeled ECC as an ordinal score according to number of ECC sites for aortic valve calcium, aortic root calcium, and thoracic aortic calcium.
The ability of CAC to reclassify risk of incident hypertension was assessed using continuous net reclassification improvement (NRI) and integrated discrimination index for the addition of CAC to the Framingham 4-year hypertension risk score and race/ethnicity. 14, 15 Risk estimates were calibrated to account for 10-year follow-up of hypertension in MESA by multiplying the estimates by 10 and dividing by 4.
To test the robustness of our results, we performed several sensitivity analyses: (1) We excluded hypertension cases defined solely on the basis of antihypertensive medication use;
(2) We excluded subjects with borderline hypertension at baseline (systolic BP >130 mmHg or diastolic BP >85 mmHg);
(3) We further adjusted for dietary salt intake; (4) We further adjusted for parental history of hypertension; (5) We further adjusted for estimated glomerular filtration rate and albuminuria; (6) We further adjusted for incident cardiovascular disease (CVD) cases, given CAC is associated with CVD and those who are diagnosed with CVD may be more likely to be diagnosed and treated as hypertensive; (7) We further adjusted for total cholesterol; (8) We studied the association between ECC and risk of incident hypertension among the subgroup of participants with CAC = 0 to determine the prognostic significance of ECC in the absence of coronary calcification; and (9) We accounted for competing risk from cardiovascular and non-cardiovascular-related causes of mortality using the method of Fine and Gray. 16 Statistical significance was defined as p <0.05. Stata version 13.1 (Stata Corp, College Station, Texas) was used for all analyses.
Results
Participants who were excluded from this analysis on the basis of measured or self-reported hypertension at baseline differed from those who were included in our study ( Supplementary Table S1 ). Our study sample consisted of 3,304 subjects free of hypertension at baseline. Baseline characteristics of the study sample are presented in Table 1 . Compared with subjects who remained normotensive over follow-up, those who developed incident hypertension were more likely to be older, African-American, diabetic, use lipidlowering medications, have a family history of coronary heart disease, have greater body mass index, former smokers, but less likely to have CAC = 0 at baseline (all p <0.05).
During a median interquartile range follow-up of 10.6 (4.5, 11.5) years, there were 1,283 incident cases of hypertension ( Figure 1 ). We found a graded relation between increasing CAC score and risk of hypertension (Table 2 and Figure 2 ). In multivariable models, each 1 unit increase in ln(CAC+1) was associated with a 12% higher risk of incident hypertension (95% CI 9%, 16%). In categorical analyses, relative to CAC score of zero, CAC >400 was associated with a more than twofold increase in hypertension risk (HR 2.2, 95% CI 1.7, 2.9). Further adjustment for baseline systolic and diastolic BP yielded similar results (model 3). Interaction testing was significant only for race/ethnicity (p = 0.007). Stratified results by race/ethnicity were in general similar except for Chinese, where the association between CAC and incident hypertension was not significant ( Supplementary  Table S3 ). There was no interaction between CAC and age, gender, or baseline BP status (p = 0.43, 0.19, and 0.09, respectively).
Only 110 cases of incident hypertension developed after the occurrence of incident CAC (baseline CAC = 0, followup CAC >0) (Figure 1 ). Despite this, in multivariable models assessing CAC incidence as the exposure and subsequent hypertension as the outcome, CAC incidence was associated with a 65% higher risk of incident hypertension (95% CI 3%, 260%). Among those with baseline CAC >0, there was a significant relation between absolute level of CAC progression and future hypertension risk, but this did not persist after accounting for baseline CAC. Further adjustment for baseline and mean interval change in systolic and diastolic BP yielded similar results ( Supplementary Table S2 ).
There was a significant association of baseline presence of aortic valve calcium, aortic root calcium, and thoracic aortic calcium with incident hypertension after multivariable adjustment (inclusive of baseline CAC; Table 3 ). In analyses of ECC severity, there was a gradient for hypertension risk in demographic models, but this was attenuated after further adjustment for cardiovascular risk factors and baseline CAC. In general, these severity risk estimates were similar to ECC presence (yes/no) results. After accounting for all 3 measurements of ECC, thoracic aortic calcium and aortic root calcium remained independently associated with incident hypertension, while aortic valve calcium was no longer significant. In analyses of ECC ordinal score, there was a graded increase in risk of hypertension according to number of ECC sites (p trend <0.001) ( Supplementary Table S4 ). Among those with CAC = 0, only aortic root calcium was significantly associated with hypertension risk (HR 1.71, 95% CI 1.36, 2.15).
In continuous net reclassification improvement analyses, CAC reclassified risk of hypertension when added to the Framingham hypertension risk score and race/ethnicity; for example, a net reclassification improvement of 0.188 (95% CI 0.104, 0.263) for categorical CAC and 0.218 (95% CI 0.145,0.293) for continuous CAC. Integrated discrimination index analyses were not significant, however ( Supplementary Table S5 ).
Analyses excluding incident hypertension defined based on antihypertensive medication use, further adjusting for salt intake, kidney disease, total cholesterol, family history of hypertension, or incident cardiovascular disease, and excluding participants with borderline hypertension yielded similar results. Only CAC >400 remained significantly associated with risk of hypertension after accounting for competing risk of cardiovascular-related mortality (HR 1.40, 95% CI 1.07, 1.83) and non-cardiovascular-related causes of mortality (HR 1.36, 95% CI 1.04, 1.79), respectively ( Supplementary Table S3 ).
Discussion
In this multiethnic cohort, there was a graded association between baseline CAC and subsequent risk of incident hypertension. These results did not differ by age, gender, baseline BP status, but were not significant for Chinese ethnicity. The latter may be related to small size of the Chinese subgroup and race-stratified results were likely underpowered to detect significance in this group. In addition, CAC improved reclassification of hypertension risk in addition to known risk factors for hypertension. Incident development of CAC was also associated with subsequent risk of incident hypertension. Importantly, extra-coronary calcification, including aortic valve calcium, aortic root calcium, and thoracic aortic calcium, was also strongly associated with risk of hypertension, independent of baseline CAC score.
There are several potential explanations for the relation between CAC and incident hypertension. Subjects with elevated CAC typically carry a higher burden of cardiac risk factors, which are also associated with development of hypertension. Thus, the shared risk factors between CAC and hypertension may link both conditions (e.g., diabetes mellitus, low-or high-density lipoprotein cholesterol, and obesity). 17 However, in our analysis, the association between CAC and hypertension persisted in models accounting for such variables.
CAC may also identify subjects with abnormal BP (either below the threshold for hypertension diagnosis or who have as yet to receive a diagnosis) complicated by endothelial dysfunction, aortic stiffness, 18, 19 and/or left ventricular hypertrophy, [20] [21] [22] [23] all of which are associated with hypertension risk. Furthermore, CAC may reflect the cumulative exposure of the vasculature to BP, including abnormal diurnal BP patterns, and masked hypertension, all of which increase susceptibility to development of hypertension but are not well-captured using office-based BP measurements. (13) Studies examining the relation between ECC and hypertension have, to date, been cross-sectional in nature. 24 In MESA, Tison et al showed that the cross-sectional prevalence of hypertension increased with increasing number of ECC sites. 25 We add to this work by demonstrating that ECC at baseline is prospectively associated with hypertension risk, independent of baseline CAC score. The mere presence of ECC appears to be just as predictive of hypertension risk as more complicated measurements of ECC severity, providing an opportunity for a more simplified application of this information to clinical practice. When the measurements of ECC were analyzed together, we found that calcification of the aorta itself, and not the aortic valve, was the main driver of the association between ECC and incident hypertension, a finding that is intuitive based on the association between vascular calcification and stiffness. The advantage of ECC is that it can be detected on a regular CAC scan and on CT imaging of chest (not cardiac-dedicated) done for screening/risk stratification purposes, requires no extra cost, and limits any additional radiation exposure. Nonetheless, our results should also be interpreted in the context of several limitations. First, this study was observational, and therefore causality cannot be established. Second, CAC scores were made available to participants and their physicians. This may have altered prescription patterns of preventive pharmacotherapy and lifestyle habits among subjects with elevated CAC, which may have attenuated some of our associations. Third, although we attempted to adjust for many possible confounders in the relation between CAC and hypertension, there remains the possibility of residual confounding. 26 In conclusion, we demonstrate that presence and severity of CAC score measured using cardiac CT scans not only identifies subjects who are at risk of hypertension, but also can reclassify risk of hypertension. In addition, extracoronary calcification is associated with incident hypertension, over and above CAC burden. These inferences may also extend to CAC and ECC detected on non-cardiac-dedicated CT scans. Subjects with ECC or elevated CAC may therefore benefit from more frequent BP monitoring for timely diagnosis and treatment.
